We report on the synthesis and characterization of functional silica hybrid magnetic nanoparticles (SHMNPs). The co-condensation of 3-aminopropyltriethoxysilane (APTES) and tetraethyl orthosilicate (TEOS) in presence of superparamagnetic iron oxide nanoparticles (SPIONs) leads to hybrid magnetic silica particles that are surface-functionalized with primary amino groups. In this work, a comprehensive synthetic study is carried out and completed by a detailed characterization of hybrid particles' size and morphology, surface properties, and magnetic responses using different techniques. Depending on the mass ratio of SPIONs and the two silanes (TEOS and APTES), we were able to adjust the number of surface amino groups and tune the magnetic properties of the superparamagnetic hybrid particles.
Superparamagnetic iron oxide nanoparticles (SPIONs) have received a lot of attention for many years because of their outstanding magnetic properties [1, 2] . In particular they are used as contrast agents for magnetic resonance imaging (MRI) [3] , are investigated in clinical studies for hyperthermia treatment [4, 5] , or are promising candidates for targeted drug delivery systems [6] . In the field of diagnostics, mostly magnetic separation systems for biomolecules and cells [7, 8] have been established in the past and nano-catalytic systems [9] are abundantly investigated for a variety of applications.
Many synthetic approaches are described in the literature but most of the presently reported methods to synthesize SPIONs in an aqueous environment are modifications of the original studies of Massart [10] , Bee [11] or Philipse [12] and rely on the co-precipitation of ferrous and ferric iron salts with an aqueous ammonia solution. Such synthesized SPIONs have an isoelectric point, which favors aggregation at physiological pH [2, 13] , which alters their magnetic properties [14, 15] and impacts biocompatibility [16] . In order to overcome this issue, SPIONs have been coated with surfactants, synthetic polymers, carbohydrates or proteins [17] [18] [19] . To prevent agglomeration and to improve chemical stability [20] [21] [22] , silica is probably the best described inorganic coating material. Silica coating is usually achieved by two synthetic routes: the Stöber [23] process or the microemulsion process [24] . In general, single core-shell particles are obtained by the latter, whereas the Stöber process results in multicore/shell particles [25] [26] [27] , which are particularly interesting for magnetic separation technologies [28] . Organosilanes are abundantly used for their simplicity of grafting onto SPIONs [3] and, depending on the chemical nature of the functional group, their ability to introduce new ligands and therefore properties to the SPIONs [29, 30] .
3-Aminopropyltriethoxysilane (APTES) is frequently used to stabilize silica or metal oxide nanoparticles and to introduce amine groups for subsequent chemical functionalization. Since condensation of APTES on SPIONs was reported to result in agglomeration of the particles into small clusters [31] , many studies [32] have focused on a two-step approach, where SPIONs are first coated with silica using tetraethyl orthosilicate (TEOS), followed by a second hydrolysis/condensation step using APTES [26, 33] . However, up to now, no detailed study about the controlled synthesis of silica hybrid magnetic nanoparticles via co-condensation of APTES and TEOS on SPIONs has been proposed.
In this work we describe the synthesis of functional silica hybrid magnetic nanoparticles (SHMNPs) using SPIONs and a modified Stöber [23] method inspired by the studies of Kobayashi [34] and Takeda [35] . A single-step co-condensation process of APTES and TEOS resulted in silica coating of the SPIONs and the successful incorporation of functional amino groups on the surface of the particles, which were characterized in terms of composition (iron, silicon and amine content), size/morphology (transmission electron microscopy and dynamic light scattering), surface properties (zeta potential measurements), and magnetic responses.
Experimental section

Materials
All chemicals were of analytical reagent grade and were used without any further purification. 3-Aminopropyltriethoxysilane (APTES, 99%), tetraethyl orthosilicate (TEOS, 99%), absolute ethanol (99%), 2,4,6-trinitrobenzene sulfonic acid solution (TNBS, 5.0%, w/v), iron (III) nitrate nonahydrate (98%), iron (III) chloride hexahydrate (98%), iron (II) chloride tetrahydrate (99%) and sodium dodecyl sulfate (99%) were supplied by Sigma-Aldrich. Ammonia (28% in water), nitric acid (65%), and disodium tetraborate decahydrate (98%), sodium hydroxide (99%), and sodium bicarbonate (98%) were purchased from VWR International. Sodium citrate tribasic di-hydrate (99.5%), glycine (98%), boric acid (98%) and ICP-OES standard solutions (silicon and iron, 1000 ppm) were purchased from Fluka. D-9527 Sigma cellulose membrane dialysis tubing with a molecular weight cutoff of 12 kDa was used for purification. All aqueous solutions were prepared with deionized water obtained from a Milli-Q system (resistivity¼18.2 MΩ cm, Millipore AG).
Synthesis of SPIONs
SPIONs were prepared by alkaline co-precipitation of ferric and ferrous chlorides in aqueous solution, as previously described [11, 12] . Typically, 8.6 g of iron (III) chloride hexahydrate and 3.2 g of iron (II) chloride tetrahydrate were dissolved in 370 g of water. Solutions were mixed and precipitated with 30 mL ammonia. After several washing steps the precipitate was collected and transferred to a reaction flask and 40 mL nitric acid (2 M) and 60 mL iron (III) nitrate (0.27 M) were added. The suspension was refluxed for 90 min. The obtained brown suspension of SPIONs was washed again with water, dialyzed against 0.01 M nitric acid for two days, and stored at 4 1C.
SPION citrate stabilization
SPIONs were stabilized by sodium citrate following a method inspired by Khosroshahi et al. [22] and Abramson et al. [36] 9.1 mL SPIONs suspension (10 mg of Fe/ml) was mixed with 28 mL sodium citrate (7.5 mM). The temperature was increased to 80 1C for 30 min under stirring (750 rpm) and the pH was adjusted to 7 with an aqueous solution of sodium hydroxide (0.1 M). The suspension of citrate-stabilized SPIONs (3.25 mg of Fe/mL) was stored at 4 1C.
Synthesis of silica hybrid magnetic nanoparticles (SHMNPs)
To synthesize silica hybrid magnetic nanoparticles, we followed a procedure based on the original work reported by Stöber [23] and Barnakov [37] . Typically, 1.45 mg citrate-stabilized SPIONs were diluted in 20 mL water and mixed with 80 mL of an ethanolic solution of APTES and TEOS ( Table 1) . The hydrolysis and co-condensation of TEOS and APTES was initiated by the addition of 1 mL of ammonia solution (25%) to the reaction mixture. In this work, R is defined as the SPIONs/silica mass ratio and R was varied by fixing the amount of SPIONs (iron concentration) and adjusting the amount of silica precursors (Table 1) . Although different synthetic parameters could have been varied to control the shape and/or shell thickness, we found that best results in terms of reproducibility were obtained by adjusting the APTES and TEOS concentrations. Considering the total reaction, the mass of silica m Silica is given by Eq. (1). Where m TEOS is the mass of TEOS, M TEOS is the molecular weight of TEOS, m APTES is the mass of APTES, M APTES is the molecular weight of APTES and M Silica is the molecular weight of silica.
Condensation of the alkoxysilane mixture onto the surface of SPIONs was initiated by adding 1 mL of ammonia aqueous solution. The reaction occurred under constant stirring and at room temperature for 3 h. The suspension of hybrid particles was centrifuged at 20,000 g for 20 min to remove all unreacted species. The obtained pellet was re-dispersed in 10 mL water under sonication for 10 min. This purification step was repeated three times and the final suspensions were stored at 4 1C.
Transmission electronic microscopy
The morphology and the size of the obtained particles were studied by transmission electron microscopy (TEM). Samples were diluted in absolute ethanol (1:10) and one drop of the diluted suspension was slowly evaporated on a 300 mesh carbon membrane-coated copper grid. TEM experiments were performed on a Philips CM100 Biotwin microscope operated at 80 kV. Tomograms were performed on a Tecnai F20 microscope operating at 200 kV.
Dynamic light scattering
Dynamic light scattering (DLS) measurements were carried out at 901 on a photon correlation spectrometer from Brookhaven equipped with a BI-9000AT digital autocorrelator. The concentration was set between 0.030 and 0.100 mg Fe/mL (20 mM borate buffer solution, pH ¼ 7.5) to avoid multiple light scattering.
Zeta potential measurements
Zeta potential measurements were performed using a Particle Size Analyzer 90 plus from Brookhaven Instruments equipped with a BI-9000AT digital autocorrelator and platinum electrode. The electrode was cleaned for 10 min in an ultrasonic bath prior to each measurement and pre-equilibrated for 2 min in an aliquot of the sample before acquiring data. The samples were prepared as described above for DLS measurements, i.e. in 20 mM of borate buffer pH 7.5.
Vibrating sample magnetometer
A vibrating-sample magnetometer (VSM, Princeton Measurements Corporation Vibrating Sample Magnetometer -model 3900) was used at room temperature to study the magnetic properties of the SHMNPs in the dried state. Magnetization was measured as a function of applied field up to a maximum field of 796 kA/m, using a averaging time of 100 ms. Prior to the measurement, the samples were centrifuged, the supernatant was discarded, and the pellet was dried at 80 1C overnight.
Inductively coupled plasma optical emission spectrometry
Quantification of iron and silicon content was performed by inductively coupled plasma optical emission spectrometry (ICP-OES) (Optima 7000 DV from Perkin Elmer). Therefore, the samples were dissolved in hydrochloric acid (37%) and heated for one hour at 85 1C. In a typical procedure, the concentration of iron and silicon was determined from standard solutions (Fe and Si) at known concentrations.
Free amine quantification
Chemical quantification of primary accessible amines was done according to the Hermanson's method [38] . The colorimetric method is based on the complexation reaction of free amino groups with 0.01% (v/v) 2,4,6-trinitrobenzene sulfonic acid solution. Absorption was measured at 335 nm using a Jasco V-670 Spectrophotometer. The calibration curve was prepared using glycine as standard (SI).
Results and discussion
In this study, SPIONs were first synthesized in water and subsequently coated with silica through co-condensation of TEOS and APTES to obtain amine-functionalized silica hybrid magnetic nanoparticles (SHMNPs) in a one-step reaction. To investigate the impact of APTES on nanoparticle morphology, surface, and magnetic properties, different APTES/TEOS and SPION/silica ratios were tested.
Influence of the silica/SPIONs ratios on morphology
SPIONs were synthesized by alkaline co-precipitation of ferrous and ferric salts following a previously developed protocol [18] . Typically obtained nanoparticles showed an average diameter of 1073 nm, as obtained from TEM (see Fig. SI-1 in supporting  information) , and agree well with reported data [10] [11] [12] . The particles were subsequently stabilized with citrate to avoid flocculation during the silica coating [36] . As shown by Mohammad-Beigi et al. [39] , citrate ligands do not perturb the silica condensation onto the SPIONs.
Bare silica particles or silica hybrid particles (i.e. core-shell particles with a silica shell and a different, for example metal core) are generally obtained following the well-known Stöber method based on the hydrolysis and condensation ofn TEOS at basic pH [34, [40] [41] [42] [43] [44] [45] . Two synthetic pathways are commonly used to graft APTES onto silica particles. The first relies on post-functionalization of pre-formed NPs [46] , whereas the second exploits the chemical functionality of APTES by co-condensating APTES and TEOS during nanoparticle synthesis [34] . Following the co-condensation approach and in order to develop a simple one-step method, APTES was mixed with TEOS at different ratios in presence of SPIONs. Two controls using either pure TEOS or APTES were synthesized to define the boundary conditions of the experimental design. Fig. 1a and b shows representative transmission electron micrographs of the control nanoparticles synthesized to define the boundary conditions of the experimental design. It was previously shown by van Blaaderen et al. [47] that small silica particles are usually less monodispersed and less spherical, and that the surface roughness is higher compared to larger silica NPs, which are almost perfectly smooth and monodispersed spheres. This is confirmed in Fig. 1a showing SPIONs incorporated in non-spherical silica particles. This shape anisotropy might be explained by the presence of small pre-formed SPIONs@SiO 2 aggregates, which is confirmed by dynamic light scattering experiments, showing a mean hydrodynamic diameter of around 70 nm, which cannot be attributed to single core-shell NPs. Philipse et al. [25] have shown that some clusters of SPIONs and silica are formed in the beginning of the silica condensation and determine the final shape of the hybrid particles. Such aggregation partially explains the bead like character of the final materials as compared to single core-shell NPs (Fig. 2a) . Fig. 1b shows a micrograph of the structure obtained using pure APTES together with SPIONs. In agreement with van Blaaderen et al. [47] , a gel-like structure consisting of very small aggregates was detected The average number of SPIONs nanoparticles per mL of APTES þ TEOS in SHMNPs samples was estimated from iron measurements. and virtually no silica coating of the SPIONs was observed. Nevertheless, a thin layer of APTES might have been grafted on the particles [3, 31, 45] . This morphology could be attributed to the aminopropyl-group in APTES, because compared to tetra-alkoxysilanes such as TEOS, trialkoxysilanes such as APTES show a lower cross-linking density in the gel network [48, 49] . It was previously shown by Chen et al. [50] that the hydrolyzed APTES molecule forms a six-or five-membered chelate ring, which sterically hampers condensation. Chen et al. [50] also demonstrated that at basic pH, the terminal protonated amine (-NH 3 þ ) group is prone to hydrogen bonding to the Si-O À group of a second APTES molecule. This bond might be strong enough to avoid condensation with other APTES molecules, which was confirmed by a previous study [51] .
To study the size and morphology of the hybrid magnetic nanoparticles, we varied the (a) concentration of APTES in TEOS (0 and 25 wt%) and (b) R, which was previously defined as the SPIONs/silica mass ratio (1:11, 1:21 and 1:34). The addition of APTES to TEOS while maintaining the SPIONs/silica ratio (Fig. 2d ) resulted in smooth, slightly larger, and less anisotropic particles.
The co-condensation of APTES and TEOS leads to the formation of a multiple SPIONs core -silica shell architecture as illustrated by the tomogram (Fig. 3) . Note that the SPIONs are incorporated in the silica matrix and are not merely adsorbed to the silica sphere. As a general trend we observed a (i) rougher surface, (ii) higher anisotropy, (iii) increased number of SPIONs incorporated in the silica beads, and (iv) a thinner silica shell with decreasing R (Fig. 2d-f) .
Surface roughness had been previously related to particle size, in the sense that the roughness of such materials increased with decreasing particle size [47] . The large number of incorporated SPIONs per silica bead (see tomogram in Fig. 3 ) might be attributed to the formation of SPION aggregates during the synthesis, as already described above. However, the presence of APTES can prevent or hamper aggregation of primary particles, which is in line with our findings. Fig. 2 indicates a higher number of incorporated and aggregated SPIONs in batches without APTES (compare to Fig. 1 ) [48] . Another factor might be the comparably smaller silane amount, which is not enough to efficiently form and stabilize single core shell nanoparticles. As described by Almeida et al. [26] , the hydrolyzed and partially condensed silane molecules deposit on the individual or aggregated SPIONs. These small hybrid particles aggregate randomly at low TEOS concentration and so, a uniform growth of silica cannot occur.
In agreement with a recently published study by Kong et al. [52] , dynamic light scattering measurements confirmed (Fig. 4) the increase of the apparent hydrodynamic diameter with increasing APTES concentration in the silane precursor mixture. The large error bars in Fig. 4 might be explained by the polydispersity of the sample and indirectly confirms the presence of aggregates formed in the presence of the aminopropyl chain, which increases the particles' hydrophobicity thus inducing flocculation (see Fig. SI-2 , supporting information) [53] [54] [55] [56] .
Surface properties
In order to tune the surface properties of the produced SHMNPs, we varied the amount of APTES in the co-condensation process. Fig. 5 shows the zeta potential of the particles as function of APTES concentration for three SPIONs/silica ratios R.
As expected, SHMNPs showed negative zeta potential values ( À 20oξ o À 50 mV) in the absence of APTES, which is in agreement with previous studies [57, 58] . Above the isoelectric point of silica (pH 42), the silica surface is negatively charged because of the presence of deprotonated silanol groups (SiO À ) [44] .
Upon addition of APTES, the zeta potential increases, which is attributed to the increasing number of protonated amine (-NH 3 þ )
groups (pKa ¼9) [59] on the nanoparticle surface. The zeta potential measurements of samples made with 10% APTES showed a neutral value, which could come from a charge compensation with positive charges of the amino groups. When adding more APTES, a net positive surface charge appears. At higher APTES concentration, the increase in zeta potential is less prominent, suggesting a saturation of the particles' surfaces with (-NH 3 þ )
groups. Moreover, SHMNPs grafted with large amounts of APTES are less stable in water (see Fig. SI-2 , supporting information).
In the next step, we determined the total number of primary amino groups available on the silica surface using a previously validated colorimetric assay [60] . Fig. 6 shows the correlation between the number of amino groups vs. APTES concentration for three SPION/silica ratios. As expected, the number of accessible amino group increases with increasing APTES concentration which confirms the previous result.
Magnetic properties
The magnetization of SHMNPs was measured as function of the magnetic field using VSM at room temperature (Fig. 7a) . No hysteresis was detected confirming the superparamagnetic behavior of the particles, i.e., samples carry no remanent magnetization and have no coercivity (Fig. 7a) . The saturation magnetization increases with increasing SPIONs/SiO 2 ratio, indicating that a thicker silica shell is accompanied by a lower magnetization of the particles. This has been shown before; when the introduction of a non-magnetic material shell (i.e. silica) has led to a dilution of the SPIONs magnetic behavior due to the additional mass of the silica shell [61] . Taking into account the saturation magnetization of bare, i.e. uncoated SPIONs (Fig. SI-3 in support information) and SHMNPs (Fig. 7a) 
We determined the susceptibility as function of the experimental SPIONs/silica mass ratio (Fig. 7b) . Susceptibility was calculated from the slope of the fitted curve in the linear MH dependence at low field (up to 4000 A/m, inset of Fig. 7a ). We showed that the susceptibility linearly increases with increasing amount of SPIONs [32] .
Conclusion
We report the synthesis of functional silica hybrid magnetic nanoparticles by a single-step co-condensation process of APTES and TEOS in presence of SPIONs. This one-pot reaction leads to hybrid magnetic silica particles whose surface is functionalized with primary amino groups. In this work, we carried out a detailed characterization of the hybrid particles in terms of composition (iron, silicon and amine content), size/morphology (transmission electron microscopy and dynamic light scattering), surface properties (zeta potential measurements), and magnetic responses. By tuning the mass ratio of SPIONs and silanes, respectively, we could adjust the number of surface amino groups and control the magnetic properties of the hybrid particles, whose superparamagnetic properties were preserved in the process.
